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Abstract-Several recent studies have examined the accuracy of alternative numerical schemes for solving 
the species conservation equation applied to tropospheric air pollution problems. These studies have 
centered mainly on the use of simplified numerical experiments involving the advection of different initial 
concentration distributions (e.g. a cosine hill). Few studies report comparative valuation of alternative 
numerical schemes using established photochemical modeling data bases for realistic urban settings. This 
study presents a comparison of two contemporary schemes-SHASTA and the multidimensional f ux 
correction method of Zalesak-applied to the Los Angeles, Calif. and Philadelphia. Pa urban areas. The 
results indicate that, for the conditions examined, the Zalesak method gives slightly more accurate peak 
ozone predictions than the SHASTA method in applications to Los Angeles (where peak ozone levels are 
three times the federal standard). For the more moderate ozone conditions found in Philadelphia, very 
little difference in accuracy is seen between the two methods. 
1. INTRODUCTION 
The EPA Urban Airshed Model described by Reynolds et al. [l] employs a finite-difference 
numerical integration method to solve the species continuity equation: 
where 
p= Z-N&Y) 
AH ’ 
Ci = concentration of species i, 
AH = vertical extent of the modeling region, 
u, u, w = wind components in the x, y and z directions, respectively, 
KH, K, = horizontal and vertical diffusivities, 
Ri = reaction-rate term for species i, 
Si = volumetric source term for species i
h(x, y) = terrain elevation. 
Reynolds et al. [2,3] found that errors in the model’s early formulation were caused by integrating 
the horizontal transport terms of this equation using the difference method adapted from Price et 
al. [4]. They also identified other integration techniques that could potentially provide greater 
accuracy at a comparable cost. The SHASTA method [5,6] and the method developed by Egan 
and Mahoney [7] were among those that showed promise in providing increased accuracy in a 
photochemical model. Subsequ&tly, as part of an EPA-sponsored research effort [83 the Airshed 
Model underwent considerable refinement in the late 1970s. Part of this refinement included 
substituting the more accurate and less costly SHASTA integration scheme for the Price method. 
There continues to be an interest in selecting accurate, computationally efficient numerical 
integration routines for photochemical grid models [9, lo]. Chock and Dunker [9], for example, 
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evaluated six algorithms for solving the advection step in the atmospheric diffusion equation: 
A flux-correction method [S]. 
A multidimensional flux-correction method [ 111. 
An orthogonal-collocation method [12]. 
The second-moment method [7], 
A pseudospectral method [ 133. 
A Chapeau-function method [ 141. 
To compare these numerical methods, they selected as a test case the rotation of a cosine-hill 
concentration distribution [15]. Chock and Dunker’s [9] computer evaluation results indicated 
that it is difficult to judge which method is best. Interestingly, a comparison of absolute errors 
among the various methods used for the test case eliminated the SHASTA method from further 
study. 
McRae et al. [lo] also compared several computational algorithms for treating the advection 
step. They studied various initial concentration distributions as test cases (e.g. square, Gaussian, 
triangle). Based upon their computer analyses, McRae et al. adopted a Galerkin, linear finite- 
element scheme for the advection step. While the SHASTA approach was found to be desirable 
(in that it inhibits computational noise in regions of sharp gradients), the technique tends to truncate 
peak values. McRae et al. reported, for example, that when the SHASTA scheme was used to 
advect a triangle, after a few steps the apex was typically severely truncated. However, once this 
had occurred, the distribution transport continued with little change. 
Such computer experiments as these are useful for weighing the advantages and disadvantages 
of alternative numerical routines for use in photochemical models. However, to our knowledge, 
there has been no direct evaluation with atmospheric data of alternative transport algorithms 
imbedded in urban or regional photochemical grid models. The purpose of this paper, therefore, 
is to fill this informational gap with results obtained from recent urban modeling studies in the 
South Coast Air Basin in southern California. The two numerical methods compared with urban 
atmospheric data are SHASTA and the multidimensional flux-corrected algorithm (hereafter 
referred to as “Zalesak”). 
We begin with a brief synopsis of the two numerical methods. 
2. TWO NUMERICAL METHODS 
The complexity of a photochemical grid model requires that in solving the model equations, the 
full problem be divided into constituent problems using the splitting algorithm [16]. One problem 
is the advection equation, which for 2-D is 
ac a(uc) a(vc) 
--g=-ax-79 
where C is the concentration of a particular chemical species and U, V are the x, y components of 
the wind velocity. Despite the simple form of the equation, its solution is not straightforward. 
Many algorithms developed to solve the equation suffer from severe phase errors, which displace 
the computed concentration peaks from their true locations and create artificial diffusion, which 
smears out the concentration peaks. 
(a) The SHASTA method 
The SHASTA method was developed by Boris and Book [SJ to provide solutions to the advection 
equation 
ac auc 
z+dx=o, 
which would minimize the errors associated with numerical diffusion in other solution methods. 
They found that a two-stage algorithm (transport followed by antidiffusion) could provide results 
superior to those obtained using one-stage algorithms. 
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Fig. 1. South Coast Air Basin modeling region used for Airshed Model simulations 26-27 June 
1974. q ., Area excluded from model calculations; q ,area included in model calculations; A, air 
monitoring station. 
In the SHASTA formulation the transport stage is similar to a standard finite-difference technique, 
except that an unusually large amount of numerical diffusion is introduced. In general, numerical 
diffusion tends to enhance the stability of an algorithm at the expense of degrading its accuracy. 
Boris and Book [S] designed the antidiffusion stage to eliminate most of the error caused by 
numerical diffusion while retaining most of its stability benefits. SHASTA has the desirable 
properties of being explicit, conserving mass and maintaining a positive solution to the advection 
equation. 
(b) The “Zalesak” method 
The Zalesak [ 11 J method is a generalization of the flux-correction method of Boris and Book 
[S). Having been extended to multidimensions, it is directly applicable to the 3-D diffusion equation; 
i.e. it is not necessary to use the splitting algorithm approach of Yanenko [16]. One important 
advantage of Zalesak is that the “clipping” problem (truncation of peak values) is alleviated. 
3. RESULTS 
Recent Airshed Model applications in Los Angeles and simulations of a 1979 episode in 
Philadelphia have been selected as the basis for comparing ozone predictions by the SHASTA and 
Zalesak algorithms. 
The South Coast Air Basin (Fig. 1) in southern California has been the focus of extensive 
photochemical modeling activities for many years. The reader is referred to two recent studies that 
describe past modeling activities in this area and the characteristics of the prototype ozone episode 
used here as a test case [lo, 171. 
Comparisons of the two methods were based on Airshed Model results for the 26-27 June 1974 
ozone episode. Since the SHASTA algorithm is the one that has routinely been used in Airshed 
Model application studies, it was only necessary to conduct one simulation in order to provide a 
direct comparison. The Airshed Model using Zalesak was initiated at OCKKl PST on 27 June and 
the simulation was then carried out for 18 h. Results are shown in Fig. 2. 
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Fig. 2. Comparison of 27 June 1974 Airshed Model simulations (Case D9) for the Los Angeles Basin using 
the SHASTA (-) and Zalesak (- - -) numerical algorithms; 0, observed. 
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Comparison of the two sets of modeling results for 27 June reveal that the Zalesak method 
slightly increased ozone predictions (relative to SHASTA) at approximately two-thirds of the 
monitoring stations. Generally speaking, these were the monitoring stations at which higher ozone 
concentrations were reported during the episode. Those stations where the Zalesak method typically 
reduced ozone levels (relative to SHASTA) were in the western basin source region where emission 
density is greatest. For the most part, the timing of the ozone peaks was unaffected. 
The peak reported ozone level on 27 June was 49.1 pphm at Upland. With SHASTA, the 
maximum value predicted at an air monitoring station was 34.9pphm at nearby Fontana. This 
represents an underestimation of 25%. With the Zalesak method, the maximum predicted value 
was 40.5 pphm, which represents an error of 18%. 
Table 1 lists the maximum predicted ozone concentrations at each air monitoring station using 
the two versions of the Airshed Model. On average, the Zalesak code gives peak ozone predictions 
1.2pphm higher than SHASTA. 
Table 1. Comparison of peak 0s predictions for two Airshcd Model codes (simulation 
of the 27 June 1974 episode. Los Angeles Basin) 
Predicted 0, 
concentrations 
fpphm) 
Concentration 
difference Percentage 
Station Observed SHASTA Zalesak fpphm) difference 
Azusa 35.36 30.13 33.46 3.3 11 
Burbank 27.04 20.95 19.93 - 1.0 -5 
Chino 26.52 28.44 30.13 1.7 6 
Downtown LA 17.68 18.08 15.41 - 2.7 -15 
Fontana 47.58 34.69 40.46 5.8 I7 
La Habra 25.14 18.24 19.45 1.21 7 
Lennox 5.20 11.40 II.39 0.0 0 
Long Beach 13.52 7.96 6.92 1.0 -13 
Los Alamitos 23.40 7.60 9.59 2.0 26 
Pasadena 31.20 30.72 32.22 1.5 5 
Lynwood 13.52 17.89 16.19 - 1.7 - 10 
Mount Lee - 9.OQ4 27.93 30.79 2.9 10 
Pomona 32.24 33.45 34.32 0.9 3 
Prado 23.40 23.90 26.39 2.5 10 
Redlands 26.52 22.19 22.54 0.4 2 
Reseda 18.72 15.51 14.49 - 1.0 -1 
Riverside - 9.w 26.03 28.00 2.0 8 
Rubidoux 29.64 26.22 28.00 1.8 7 
San Bernardino 21.84 23.81 25.24 1.4 6 
Simi Valley 13.26 9.04 8.77 -0.3 -3 
Upland 49.14 34.02 36.60 2.6 6 
Van 1 - 9.w 17.16 18.13 1.0 6 
West LA 13.52 14.60 16.61 2.0 14 
Whittler 24.96 17.00 18.48 I.5 8 
‘-9.00 Refers IO missing data. 
Defining bias as the mean signed difference (deviation) between predictions and observations, 
the average bias for concentrations above 12pphm for the Zalesak and SHASTA runs were 0.8 
and 0.3%, respectively. Both simulations tended, on average, to overestimate observed ozone. 
We define average error as the mean, absolute, normalized deviation; precision is estimated by 
the standard deviation of the distribution of residuals. Accuracy (i.e. error) and precision estimates 
for concentrations above 12 pphm are as follows: 
Accuracy 
(gross error) Precision 
W) (%) 
SHASTA 30.2 17.8 
Zalesak 29.7 17.8 
Table 2 summarizes the above findings using performance measures and statistics developed by 
Hayes [18]. 
Comparisons between the Zalesak and SHASTA routines as applied to the 19 July 1979 
simulation of Philadelphia, Pa (see Fig. 3) are presented in Fig. 4. With the Zalesak method, ozone 
predictions were slightly higher than with SHASTA at over 80% of the monitoring stations. The 
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Table 2. Statistical comparison of Airshed Model results with different numerical methods for the 
simulation of the 27 June 1974 episode, Los Angeles Basin (only 0, concentrations above the federal 
standard are considered here) 
Zalesak SHASTA 
Performance attribute Performance measure values values 
Accuracy of the peak Ratio of predicted to 0.823 0.709 
prediction measured station peaks 
Time difference between 2h 2h 
predicted and measured 
station peaks 
Station peaks: 
predicted 40.5 pphm 34.9 pphm 
(Fontana) (Fontana) 
measured 49.1 pphm 49.1 pphm 
(Upland) (Upland) 
Systematic bias Normalized 
(mean deviation) av. 0.008 0.003 
SD 0.347 0.351 
Gross error Normalized 
(mean absolute deviation) av. 0.297 0.302 
SD 0.178 0.178 
Temporal correlation Temporal correlation 
coefficients: 
each station -0.832 to 0.922 -0.875 to 0.954 
all-station av. 0.529 0.532 
Spatial alignment Spatial correlation 
coefficients: 
each station -0.345 to 0.838 -0.419 to 0.791 
all-hour av. 0.610 0.564 
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Fig. 3. Philadelphia Air Basin modeling region used for Airshed Model simulations 19 July 1979. 
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Fig. 4. Comparison of two 19 July 1974 Airshed Model Simulations for Philadelphia usmg the SHASTA 
(-) and Zalesak (- - -) numerical algorithms; 0, observed. 
three stations where peak ozone predictions were decreased with the Zalesak method (Ancora, 
Lumberton and Van Hiseville, N.J.) were all located in the eastern portion of the grid. 
Table 3 lists the maximum predicted ozone concentrations at each monitoring station using the 
two versions of the Airshed Model. On average, the Zalesak code gives peak ozone predictions 
0.52pphm higher than SHASTA. The average bias for concentrations above 50pphm for the 
Zalesak and SHASTA simulations was 15.8 and 16.6%, respectively. Both simulations tended, on 
average, to overestimate observed ozone. 
Table 3. Comparison of peak 0, predictions for two Airshed Model codes (19 June 1979 
simulation of Philadelphia, Pa) 
Predicted 0, 
concentrations 
(pphm) 
Concentration 
ditTerencc Percentage 
Station Observed SHASTA Zalcsak (pphm) diRerena 
AMS Lab. 13.00 12.66 13.79 1.13 
Ancora 9.70 9.85 9.49 -0.36 
Bristol 11.40 10.44 10.98 0.54 
Camden 13.80 12.92 13.62 0.70 
Chester 14.30 14.69 14.81 0.12 
Claymont 16.00 16.86 16.87 0.01 
Defense Supp. 12.00 14.31 15.26 0.95 
Downington 15.70 19.13 19.78 0.65 
Franklin Inst. 6.00 12.91 13.87 0.96 
Island Rd Airp. 12.00 14.38 15.36 0.98 
Lumberton 10.40 9.50 9.44 -0.06 
Norristown Armory 13.80 18.87 20.00 1.13 
Northeast Airp. 10.00 12.61 13.25 0.64 
Roxy Water Pump 17.00 16.44 17.66 1.22 
Se Sewage Plant 8.00 13.97 14.35 0.38 
South Broad 11.00 12.97 13.55 0.58 
Summit Bridge 12.00 12.80 12.87 0.07 
Van Hiseville 8.30 8.73 8.41 -0.32 
8.9 
-3.7 
5.1 
5.5 
0.8 
0.05 
6.6 
3.4 
7.4 
6.8 
- 0.63 
6.0 
5.1 
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2.7 
:::5 
-3.67 
Accuracy and precision estimates for concentrations above 5.0pphm are as follows for the 
Philadelphia simulations: 
Accuracy 
(gross error) Precision 
(%) (%) 
SHASTA 26.8 30.8 
Zalesak 26.9 30.2 
Table 4 summarizes all of the above statistics for the 19 July 1979 Philadelphia simulations. 
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Table 4. Statistical comparison of Airshed Model results for simulations of the 19 July 1979 episode in 
Philadelphia with different numerical methods (only 0, concentrations above S.Opphm are considered 
here) 
Performance attribute Performance measure Zalesak SHASTA 
Accuracy of the peak Ratio of predicted to 1.176 1.125 
prediction measured station peaks 
Time difference between lh 2h 
predicted and measured 
station peaks 
Station peaks: 
predicted 20.0 (pphm) 19.1 (pphm) 
(Norristown) (Downington) 
measured 17.0 pphm 17.0 pphm 
(Roxy Water) (Roxy Water) 
Systematic bias Normalized 
(mean deviation) av. 0.159 0.166 
SD 0.372 0.374 
Gross error Normalized 
(mean absolute deviation) av. 0.269 0.268 
SD 0.302 0.308 
Temporal correlation Temporal correlation 
coefficients: 
each station -0.042 to 0.961 0.089 to 0.960 
all-station av. 0.748 0.778 
Spatial alignment Spatial correlation 
coefficients: 
each station -0.289 to 0.877 -0.240 to 0.774 
all-hour av. 0.515 0.525 
4. DISCUSSION 
Historical data for the 26-27 June 1974 ozone episode in Los Angeles and the 19 July 1979 
episode in Philadelphia are useful for comparing the accuracy and precision of these two numerical 
schemes. 
For the simulation of the episode in the Los Angeles Basin, where overall observed ozone levels 
were more than twice those observed in Philadelphia, the Zalesak method gives slightly more 
accurate ozone predictions than SHASTA. Very little difference in accuracy is seen for the 
Philadelphia simulations, but the SHASTA method appears slightly more accurate. The Zalesak 
method gives slightly higher peak predictions for both sets of simulations but the time-series profiles 
(Figs 2 and 4) are not as smooth as in the SHASTA method. 
These results, coupled with the fact that the Zalesak code is more costly to run, indicate that 
the Zalesak method may be warranted in the simulation of episodes where very high ozone 
concentrations are encountered (e.g. the Los Angeles Basin), while the SHASTA method is preferable 
in situations with lower overall ozone levels, as in the Philadelphia area. 
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